ABSTRACT The sternum as an important part of the skeleton and not only provides a crucial attachment site for the pectoral muscles and protects internal organs such as the heart and lungs for meat duck, but may also be considered as the primary ventilator in the avian respiratory system. Therefore, this study focuses on the sternum growth and mineralization kinetics of ducks from 35 d to 63 d of age. A total of 72 oned-old males and 72 females were chosen and fed with the same diet until the age of 9 weeks. The sternum and serum were harvested at 35 d, 42 d, 49 d, 56d, and 63 d of feeding. Results showed that the sternum width rapidly grew from 35 d to 42 d and the value changed little after 42 d, while the keel length and the sternum depth did not significantly change until 49 d age. The sternum defatted weight and density increased assumed to "S" with ducks' age and their plateau in the 56 d. The sternum ash content, calcium (Ca), and phosphate (P) levels increased with duck age, then all three reached a plateau in 49 days. Similarly, serum alkaline phosphatase (ALP) activity was higher in the ducks at both 35 and 42 days, followed by 49 days, and the value was lowered to a minimum on both days 56 and 63. Conversely, serum tartrate resistant acid phosphatase (TRAP) activity substantially increased until 49 days irrespective of duck gender. Results indicate that the dimensions of the sternum were already at the maximum in 49-day-old ducks and the sternum of the ducks rapidly mineralized from 42 d to 49 d of age and achieved a plateau phase after 49-days resulting from the high activity of ALP at the sternum early mineralization.
INTRODUCTION
The genetic evolution in domesticated meat ducks significantly improved the meat yield and growth performance, resulting in an average weight of approximately 2.3 kg in five weeks and the average feed conversion ratio (FCR, feed to gain), an important economic indicator of animal breeding programs, decreased to about 2.0 (Zeng et al., 2014; Guo et al., 2016) . Maximizing pectoral (breast) muscle mass was preferred over other economic characters for these selectors. However, although selective pressure for economically desirable traits increased the meat production of meat ducks, welfare problems also were inadvertently evolved. Considerable research was being directed toward understanding duck's welfare problems such as pulmonary diseases (Iyer and Rao, 1971) and ascites (Julian, 2008) . It was found that meat ducks suffer from respiratory problems that may be related to their rapid musculoskeletal development (Julian, 1993 (Julian, , 1998 and their potential C 2017 Poultry Science Association Inc. Received March 27, 2017. Accepted August 3, 2017. 1 Corresponding author: zkeying@sicau.edu.cn to outgrow pulmonary capacity (Wideman, 2001 ). The sternum, as an important part of the skeleton, can be considered as the primary ventilator in the avian respiratory system (Claessens, 2009) , which affects air sac volume, thereby facilitating a unidirectional flow of air through the lung (Tickle et al., 2007) . Thus, it is important to understand the sternum dimension and mineralization in meat ducks.
The sternum is a flat bone that extends vertically through the middle of the anterior thoracic cage, provides an anchor for articulation of wing bones and a keel like structure gives attachment to wing muscles (Jayachitra et al., 2015) . Interestingly, the lateral trabeculae of the sternum gradually undergo ossification in the form of an independent pair in some domestic birds after hatching (Zhen et al., 2012) , then the minerals, mainly calcium (Ca) and phosphate (P) in the shape of hydroxyapatite, were deposited within or outside the osteoblasts of the sternums, for which the physiological process was defined as bone biomineralization (calcification) (Miyamoto and Kamijo, 2010) . Here, local calcium hydroxy phosphate crystals synthesis is strictly regulated by various factors, such as Ca, P, vitamin D, and parathyroid hormone (PTH) (Cashman, 2007; Eriksen, 2010) . Most importantly, the ratio 4103 of inorganic phosphate (Pi) and pyrophosphate (PPi) play extremely important roles in bone mineralization due to the extracellular pyrophosphate hindered hydroxyapatite formation and inhibited hard tissue mineralization (Sapir-Koren and Livshits, 2011; Zhou et al., 2012) . A low Pi/PPi ratio causes mineralization inhibition, whereas a high ratio promotes it (Sapir-Koren and Livshits, 2014) . Alkaline phosphatase (ALP), expresses on the cell membrane of hypertrophic chondrocytes, osteoblasts, and odontoblasts and also concentrated on the membranes of the matrix vesicles budding from these cells (Miao and Scutt, 2002) , can hydrolyze PPi and provides Pi to promote mineralization (Terkeltaub, 2001; Murshed et al., 2005; Orimo, 2010) , thus ALP is a marker of chondrocyte hypertrophy and an indication of cartilage calcification (Chen-An et al., 2013) , providing a mechanism to control the concentration of this potent mineralization inhibitor. In addition, to allow harmonic growth and adaptation to the mechanical loading, the bone modeling and remodeling continually occurs in bone tissue throughout the entire life cycle, both during growth and development and in adult life (Seeman, 2009) , and these processes are involved in the orchestration of osteoblast and osteoclast activities, and disruption of the balance would significantly increase the possibility of keel bone breakage and damage animal welfare (Tarlton et al., 2013) . As the marker of osteoclast function, tartrate-resistant acid phosphatase (TRAP), mainly expressed in osteoclasts, has always been a useful indicator for bone resorption (Halleen et al., 2000; Lv et al., 2015) . Unfortunately, studies to the best of our knowledge have rarely described the sternum dimension and mineralization kinetics for meat ducks.
The aim of this study, therefore, was to reveal the dynamic change of sternum dimension and mineralization of meat ducks from 35 d to 63 d of age by the sternum morphometry, sternum defatted weight, sternum density, and bone mineral analysis, then to determine the role of plasma ALP and TRAP activity in sternum mineralization.
MATERIALS AND METHODS

Animals and Diets
This study was approved by the Institutional Animal Care and Use Committee (IACUC) of Sichuan Agricultural University. A total of 144 1-d-old mixedsex Cherry Valley ducks (72 males and 72 females) (Sichuan Mianying Breeding Duck Co. Ltd. Mianyang. China) were weighed individually and grouped in 8 unit cages (9 females and 9 males) in terms of similar body weights. All ducks were reared in cages (2.2 × 1.2 × 0.9 m) in a temperature-and humidity-controlled room with a 24 h constant light schedule and had free access to water and feed throughout the experimental period. Ducks were fed the same diet, which was formulated to meet or exceed the nutrient requirements of ducks according to NRC (1994; Table 1 ). Feed was supplied in pellet form, and the diameter of the pellets was 2 mm in the starter and 3 mm in the grower diet.
Sample Collection
At age d 14, d 35, d 42, d 49, d 56 , and d 63 birds were weighed by cage. Sixteen ducks (1 male and 1 female per pen) were randomly selected for blood sampling via the jugular vein. Blood was centrifuged at 3,500 × g for 15 min at 4
• C to obtain serum and stored at −20 • C for Ca, P, ALP activity and TRAP activity determination, then these ducks were sacrificed through cervical dislocation; the sternums were removed, cleared carefully of all the pectoral muscle and connective tissue and rinsed with ice cold 0.9% saline to remove remains, and the sternum morphometry was immediately measured by Vernier caliper, then the sternums were collected for sternum defatted weight, density, ash, Ca and P content determination.
Sternum Morphometry
For every sternum, we obtained the 6 parameters listed in Table 2 . Namely, measurements were taken of the distance between the 2 coracoids of the sternum (W), sternum central distance, posterior process distance, xiphoid wide, sternum length (L), and sternum height (H) in accordance with the diagram in Figure. 1. All measurements were straight line distances measured with a stainless steel electronic Vernier caliper, and all data were collected by the corresponding author to minimize the inter-observer variability. An assistant recorded the data simultaneously.
Sternum Defatted Weight and Sternum Density
The sternum was de-fleshed manually, then these body parts were air dried for 24 h at room temperature and defatted to determine sternum defatted weight according to the procedures of AOAC (Chemists and Cunniff, 1995) . The sternum density was assessed based on a modified method described by Kääntee (1983) . Briefly, the sternum was cut open longitudinally along the keel and the bone cavity fluid was removed with absorbent paper, then the volume was measured based on the quantum of water overflowing from a fully filled container when the measured sternum was inserted into a 100 mL measuring cylinder, thus the sternum density was calculated using the following formula:
Sternum Ash Content and Ca and P Concentration
Dry-defatted sternum was ashed in a muffle furnace at 550
• C for 24 h and the ash was measured on the basis of the percentage of dry-defatted weight. Ca and P contents were determined through EDTA titration and ammonium metavanadate colorimetry, respectively, and values were also presented based on the basis of drydefatted weight (Wang et al., 2010) .
Blood Ca and P Analysis
Serum Ca and P concentration was analyzed using Bio-chemistry Analyzer (Yellow Springs Instrument Co. Inc., Yellow Springs, OH). 
ALP and TRAP Activity Analysis
The serums ALP activity and TRAP activity were measured using modification of the methods reported by Tietz et al. (1983) respectively. Briefly, the serums ALP activity was determinate by conversion of pnitrophenylphosphate (pNPP) to p-nitrophenol and monitored at 405 nm using a Gemini XPS Microplate Reader (Molecular Devices, LLC. Sunnyvale, CA). The TRAP activity was also measured colorimetrically by conversion of pNPP in the presence of disodium tartrate. Kits for ALP and TRAP used in this trial were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu Province, P. R. China).
Statistical Analysis
Data were analyzed by two-way ANOVA using the Glimmix procedure of SAS 9.2 (SAS Institute Inc., Cary, NC). The statistical model included the main effects of age, sex, and their interaction. To determine the correlation between sternum ash, density, Ca, P, and serum ALP and TRAP activity, correlation coefficients were calculated by simple regression analysis using the CORR procedure of the SAS software. For all data, when the ANOVA was significant, post hoc comparisons of treatment means were carried out with Tukey's test. Significance was accepted at P < 0.05 and results are reported as means ± standard error of the mean (SEM).
RESULTS
Performance
The results of growth performance are shown in Figure 2 . The duck age, sex and their interaction (P < 0.01) significantly affected the body weight (BW) in this study. With increasing duck age, the BW rapid increased before d 42, then the rate gradually slowed down after 42 d regardless the duck gander. No significant difference for BW was observed between male and female ducks from d 0 to d 42. However, male ducks had the higher BW compared to female ducks after 42 d.
Sternum Morphometry
The sternum morphometry was significantly affected (P < 0.001) by age, as summarized in Figure 3 and Figure 4 . From the data, we can see that the sternum width, which was presented as the coracoid distance, sternum central distance, posterior process distance, and xiphoid width, rapidly grew from d 35 to d 42 and the value changed llittle after 42 d ( Figure  4A , 4B, 4C, 4D). However, the sternum length had significant growth during 35 d to 56 d ( Figure 4E) . Meanwhile, the sternum height was parallel to the sternum width with no remarkable difference until 49 d ( Figure 4F ). The fact that the coracoid distance, sternum central distance, and sternum length were greater in male ducks than the female duck (P < 0.05) also was observed from these data. In addition, as seen in a-e Mean values with different letters are significantly different (P < 0.05). Figure 4G and 4H, values of L/H and W/H were significantly affected (P < 0.05) by age and gradually fell with the increase of age until 49 days of age.
Sternum Defatted Weight and Density
A main effect of age was observed for defatted weight and density (P < 0.001). Defatted weight and density both underwent rapid growth from 42 d to 56 d and peaked at day 63, the increasing curve of both looked like an "S" in this study ( Figure 5 ). There was not a two-way interaction of age × sex and the main effect of sex was on sternum defatted weight and density (P > 0.297).
Sternum Mineral Composition
Results for sternum mineral composition were not significant, nor was there an effect of age × sex in the analyses of ash and Ca levels, while there was an age effect for all of the traits measured (P < 0.001) (Figure 6 ). The ash, Ca, and P levels quickly increased at between 42 d and 49 d, followed by a plateau.
Serum Ca and P
Serum Ca level was not significantly affected by duck age, sex, or their interaction, although the Ca content was lower in 35-d-old ducks than on the other days irrespective of the duck gender, both achieved the plateau phase after 49 days ( Figure 7A ). At the age of 56 or 63 d, serum P content of the birds was lower than on days 35, 42, and 49 (P < 0.001), whereas the duck gender and age × sex did not influence serum P concentrations ( Figure 7B ).
ALP Activity
There was a significant age effect in decreasing the activity of ALP in the serum (P < 0.001). Levels of ALP were higher in the ducks at both 35 and 42 days, followed by 49 days, and the value was reduced to a minimum on both days 56 and 63 ( Figure 7C ). a-e Mean values with different letters are significantly different (P < 0.05).
TRAP Activity
The duck age and gender but age × sex significantly affect serum TRAP activity (P < 0.01). And the serum TRAP activity was greater (P = 0.005) in male ducks than in female ducks, increased with increasing duck age, and the plateau phase was observed in male ducks after 49 d rather female duck ( Figure 7D ).
Correlation Analysis
We identified a significant correlation between sternum ash, density, Ca, P, and serum ALP or TRAP activity (P < 0.001) both in male and female ducks. As shown in Figure 8 , serum ALP activity was significantly negatively correlated with sternum ash (male: r = −0.916, P < 0.001; female: r = −0.827, P < 0.001), sternum density (male: r = −0.924, P < 0.001 female: r = −0.874, P < 0.001), sternum Ca (male: r = −0.912, P < 0.001; female: r = −0.824, P = 0.021), and sternum P (male: r = −0.892, P = 0.002; female: r = −0.739, P < 0.011) in ducks from 35 d to 63 d of age. However, serum TRAP activity showed a significant positive correlation with the sternum ash (male: r = 0.919, P < 0.001; female: r = 0.716, P = 0.004), sternum density (male: r = 0.802, P < 0.001; female: r = 0.791, P < 0.001), sternum Ca (male: r = 0.921, P < 0.001; female: r = 0.743, P = 0.019), and sternum P (male: r = 0.910, P < 0.001; female: r = 0.656, P < 0.013) during the study period ( Figure 9 ). Moreover, a higher correlation coefficient was found in the male ducks than female ducks in all correlation analyses.
DISCUSSION
The sternum plays a vital role in providing a crucial attachment site for the pectoral muscles and in protecting internal organs such as the heart and lungs for ducks. However, the growth and mineralization of the sternum have always been overlooked. Here, we put forward the sternum dimension and mineralization kinetics of meat ducks from 35 d to 63 d age for the first time, and the principal outcome from this study was that the dimensions of the sternum, and in particular the height of the keel, was already at the maximum in the 49-day-old meat ducks. Further, we showed that the sternum of meat ducks rapidly mineralizes from 42 d to 49 d of age and achieved the plateau phase after 49 days regardless of the duck gender, which is important for treating several diseases (such as pulmonary and ascites diseases) and further improvement in meat duck production.
Genetic selection in domesticated ducks has brought about significant improvements in the body weight. In this study, the duckings displayed rapid growth during d 14 to d 42 regardless of the duck gender, and the growth became gradual after the age of 42 d, where male ducsk had the higher BW compared to female ducks. The results from the study were similar to those observed by Kaewtapee et al. (2011) and Wu et al. (2010) , and the growth presented a sigmoid or S-shaped curve, as Lawrence and Fowler (2002) reported that the BW growth was divided into 3 phases, namely, self-accelerating, linear, and self-decelerating for poultry. Selecting duck live weight pectoral muscle as the most important carcass character was preferred for these selectors. However, musculoskeletal rapid development and the potential to outgrow the development and mineralization of the sternum are adverse to duck welfare. Therefore, the sternum dimension and mineralization kinetic is important in meat duck. In this study, measurements for sternum morphometry were taken in Cherry Valley ducks (Figure 3) . We observed the sternum width rapidly grew from d 35 to d 42 and the value changed little after 42 d ( Figure 4A, 4B, 4C,  4D ), while the keel length and the sternum depth did not significantly change until 49 d (Figure 4E, 4F) , Figure 8 . Correlation between serum ALP activity and sternum ash, density, Ca, P. Serum ALP was significantly negatively correlated with sternum ash (A), sternum density (B), sternum Ca (C), and sternum P (D) from 35 d to 63 d of age. Significance was accepted at P < 0.05.
indicating that the sternum width development completed prior to the length and depth in meat ducks. This finding is consistent with previous results (ChenAn et al., 2013) and may be associated with the mode of locomotion and adapting to other organ developments (etc. heart and lung). Additionally, Bickley and Logan (2014) noted a strong positive correlation between the sternum dimensions and flight ability. In the case of meat ducks, they still maintain flight characteristics such as the wing, air sac, and the sternum, Figure 9 . Correlation between serum TRAP activity and sternum ash, density, Ca, P. Serum TRAP was significantly positively correlated with sternum ash (A), sternum density (B), sternum Ca (C), and sternum P (D) from 35 d to 63 d of age. Significance was accepted at P < 0.05. thus the sternum dimension probably was associated with an adaptation to flight in the form of a large ventral extension, known as the keel, which provides an increased surface area for flight muscle attachment (Chen, 1952) in spite of the fact that evolution and manual selection made the meat duck lack the basic ability to fly. this point was also confirmed by our estimate of the flight ability of meat ducks, where the ratio (L/H and W/H) of sternal length (L) and width (W) to the height (H) of the sternum did not remarkably decrease until 49 d with the L/H or W/H values at 1.4 to 1.6 and 3.2 to 4.1, respectively Figure 4G , 4H) on account of the fact that the L/H and W/H were higher, especially in weak flying birds (Berger, 1952; Duzler et al., 2006) . For example, the L/H was greater than 3.0 and the W/H was not less than 1.5 in the swimming group (Zhang et al., 2010) . Together these results quantitatively demonstrated that the dimensions of the sternum, and in particular the height of the keel, was already at the maximum in the 49-day-old meat ducks.
Rapid growth rate of weight in meat birds has been suggested to be the main contributor to inadequate bone quality (Williams et al., 2004) . The bone weight was associated with the bone quality and lower bone mass leads to increased risk of fractures (Silva et al., 2009 ). In the current study, the sternum defatted bone weight and sternum density, defined as the defatted bone mass per volume of bone, provided valuable information on the quality of bone to meat duck. As expected, the sternum defatted weight and density increased assumed an "S" shape as the ducks aged ( Figure 5 ; P < 0.01) and then plateaued at 56 d. This would suggest that the sternum mass presented dynamic stabilizers at 49 d, but the maximum sternum density was observed at 56 d in meat ducks, which is likely due to alterations in the proportion of organic and mineral matrices (Silva et al., 2009) . In addition to the sternum defatted weight and density, bone ash also is a measure of the bone mineral content, primarily consisting of Ca and P. The inorganic matrix constituted 60 to 70% of bone weight, providing bone weight and strength (Rath et al., 2000) . It is well accepted that vertebrate tissues achieve the hardness and rigidity that enable the skeleton to resist gravitational and mechanical loading by biomineralization, which occurs in bone tissue throughout the entire life cycle and is characterized by age and gendered pendent differences in humans (Bergot et al., 2009; Wang, 2013) . Similarly, the mineralization of meat duck was significantly affected by bird age (P < 0.001), and the current results clearly demonstrated that the sternum ash, Ca, and P increased with age and reached a plateau in 49-d-old ducks, suggesting that the sternum of meat ducks rapid mineralizes from 42 d to 49 d, achieving the plateau phase after 49 days ( Figure 6 ). Interestingly, the process was not affected by the duck gender, this discrepancy was likely because of the difference of a shorter life cycle compared with human.
Deposition of Ca and P in the sternum mainly came from the blood, which in turn also played an important role in the regulation of Ca and P homeostasis. The abundances of serum Ca and Pi in the form of Ca-Pi crystal nucleation were detained within matrix vesicles (MVs) that budded from the plasma membrane of osteogenic cells to initialize the process of mineralization (Wuthier, 1989) . ALP was supposed to an important initiation mechanisms and played a key role in the formation and calcification of hard tissues by changing the ratio of Pi to PPi in bone tissues. Inhibition of ALP activity would lead to the inhibition of bone mineral accumulation in cultured chick embryo tibiae (Thomas and Ramp, 1979) and osteoblastic cell lines (Sugawara et al., 2002 ). Accordingly, we tested the serum Ca, P concentration, and ALP activity in different days-old meat ducks. In the study, the Ca concentration did not change substantially with age ( Figure 7A ), while the level of serum P was higher at days 35, 42, and 49 than it at days 56 or 63 (P < 0.001) ( Figure 7B ), this is highly consistent with the serum Ca and P accrual and loss over the human lifespan, in which serum Ca is maintained within a narrow range and the normal ranges of serum P are wider, and P concentrations are highest in infants, followed by children, and finally adults (Dimeglio and Imel, 2014) , probably due to the greater need for phosphate to accommodate the growing sternum, as well as for general cellular growth in duckings just like human children. Similarly, the serum ALP activity was higher in the sternum rapid calcification period (from 35 d to 42 d) than the calcification plateau ( Figure 7C ), these results strongly suggest that hydrolysis activity of ALP is necessary for the sternum mineralization for meat ducks, at the beginning of mineralization, higher activity of ALP is needed to hydrolyze PPi and benefited hydroxyapatite formation, once the sternum mineralization reached the plateau phase after 49 days, the serum ALP activity would quickly decrease and was maintained at a relatively constant value. It is possible that abundant osteoblasts were transited into osteocytes resulting in the serum ALP level sharply declining at 49 d because the ALP was mainly secreted by osteoblasts and not osteocytes (Hessle et al., 2002) , this result also further supported our speculation that the mineralization of meat ducks was nearly completed at 49-days-old.
Furthermore, it is most important that the bone has to model and remodel continually to allow harmonic growth and adaptation to mechanical loading, which is closely related to animal welfare (Tarlton et al., 2013) . Osteoclast is the principal resorption cell of bone, playing a central role in the formation of the skeleton and regulation of bone remodeling. During bone resorption, TRAP is secreted into the circulation by osteoclasts (Halleen et al., 2000) and has been proposed as a marker of bone resorption (Shidara et al., 2008) . In this sense, we tested the dynamic changes of TRAP during the sternum mineralization in meat ducks. In our study, the TRAP activity did significantly increase until 49 days irrespective of duck gender ( Figure 7D ). Increased TRAP activity suggested that the sternum resorption was progressively enhanced after 49 days. On the contrary, keeping a low enzyme activity before 49 days was possible due at least in part to an increase in the efficiency of sternum mineralization. Correlation analysis showed that there was a significant correlation between serum ALP and TRAP activity with sternum ash, density, Ca, and P in meat ducks (P < 0.05). In detail, the sternum ash, density, Ca, and P were positively correlated with serum TRAP activity (Figure 9) , and negatively correlated with serum ALP activity (Figure 8) , indicating that the ALP and TRAP are needed for sternum mineralization as well as remodeling in meat ducks (Gopalakrishnan et al., 2006; Tilgar et al., 2015) . Moreover, we found that the male ducks have a higher correlation coefficient than female ducks while both under the condition of significant correlation in all correlation analyses, indicating a high correlation between sternum ash, density, Ca, P, and serum ALP or TRAP activity in male ducks as compared to the female. However, these spread charts presented heterogeneous dependence (Figures 8, 9 ) in this study, which might be partially due to the extremely increased sternum ash, density, Ca, P content as well as serum ALP and TRAP activity from 42 d to 49 d. In particular, they maintained a lower level on 35 d and 42 d, while these value dramatically increased on day 49 in male and female ducks, which further supports our conclusion that the sternum of meat ducks rapidly mineralizes from 42 d to 49 d of age due to the high activity of ALP along with the relatively lower TRAP activity. Combining the results of the serum ALP activity, TRAP activity, and sternum mineralization, we boldly assumed that the higher activity of ALP along with relatively lower TRAP activity induced the sternum rapid mineralization from 42 d to 49 d age, followed by the serum ALP and TRAP activity, both of which maintained a relatively constant value to collectively play a role in sternum modeling and remodeling according to the mechanical loading derived from the pectoral muscle growth and normal cardiopulmonary function.
In conclusion, a limitation of the study was that the sternum dimension and mineralization kinetic of meat ducks were assessed only from 35 d to 63 d of age, and the period from 0 d to 35 d was absent. Furthermore, we did not examine tibia bone weight, tibia bone ash, and mineral content, which are commonly used as indicators of mineral adequate diets of poultry (Onyango et al., 2003) . We found that the dimension of the sternum was already at the maximum in 49-day-old meat ducks within these limitations. Specifically, the sternum of meat ducks rapidly mineralized from 42 d to 49 d and achieved the plateau phase after 49 days. High activity of ALP was believed to induce the sternum rapid mineralization, and the serum ALP and TRAP activity both maintained a relatively constant value to collectively participate in the sternum modeling and remodeling continually to allow harmonic growth and adaptation to mechanical loading.
